Switchgrass is a North American perennial prairie species that has been used as a rangeland and forage crop and has recently been targeted as a potential biofuel feedstock species. Switchgrass, which occurs as tetraploid and octoploid forms, is classified into lowland or upland ecotypes that differ in growth phenotypes and adaptation to distinct habitats. Using RNA-sequencing (RNA-seq) reads derived from crown, young shoot, and leaf tissues, we generated sequence data from seven switchgrass cultivars, three lowland and four upland, to enable comparative analyses between switchgrass cultivars and to identify single nucleotide polymorphisms (SNPs) for use in breeding and genetic analysis. We also generated individual transcript assemblies for each of the cultivars. Transcript data indicate that subgenomes of octoploid switchgrass are not substantially different from subgenomes of tetraploids as expected for an autopolyploid origin of switchgrass octoploids. Using RNA-seq reads aligned to the switchgrass Release 0 AP13 reference genome, we identified 1,305,976 high-confidence SNPs. Of these SNPs, 438,464 were unique to lowland cultivars, but only 12,002 were found in all lowlands. Conversely, 723,678 SNPs were unique to upland cultivars, with only 34,665 observed in all uplands. Comparison of our high-confidence transcriptome-derived SNPs with SNPs previously identified in a genotyping-by-sequencing (GBS) study of an association panel revealed limited overlap between the two methods, highlighting the utility of transcriptome-based SNP discovery in augmenting genome diversity polymorphism datasets. The transcript and SNP data described here provide a useful resource for switchgrass gene annotation and marker-based analyses of the switchgrass genome.
S
witchgrass (Panicum virgatum L.) is a target biofuel feedstock species for North America due to its high biomass production, perennial growth habit, and diverse local adaption (Schmer et al., 2008) . Switchgrass was one of the predominant species of the tall grass prairies of the central plains of North America, with a native distribution extending from southern Canada to northern Mexico, and from the Atlantic coast to the central United States (Vogel, 2004) . Depending on the cultivar, switchgrass grows one to three meters tall and can be harvested several times per year. The abundant and deep root architecture of switchgrass also means that growth of this grass results in significant soil carbon sequestration (Casler et al., 2012; McLaughlin and Kszos, 2005; Parrish et al., 2003) .
Two major ecotypes of switchgrass have been recognized ( Fig. 1 ; Casler et al., 2012; Porter, 1966) . Members of the lowland ecotype are generally found in warmer climes and wetter soils, and are taller, with wider stems and leaves than upland ecotypes. The upland ecotype generally consists of accessions that are shorter, with narrower stems than lowland accessions, and with leaves producing less biomass but that often grow in drier habitats that are capable of overwintering in colder northern climates. The switchgrass genome is polyploid, and the majority of examined lowland individuals are tetraploid, while members of the upland ecotype are typically octoploid. However, tetraploid uplands and more extreme cases of polyploidy and aneuploidy have been observed (Costich et al., 2010; Hopkins et al., 1996; Lu et al., 1998; Zalapa et al., 2011) .
Switchgrass has traditionally been a rangeland or forage crop. However, during the last decade, efforts have increased to improve switchgrass germplasm and production for use as a possible bioenergy feedstock (McLaughlin and Kszos, 2005; Sanderson et al., 2006) . Along with this effort, sequence resources for switchgrass have been developed including transcriptome sequence data. Two reports describe the generation of expressed sequence tag (EST)-based transcript assemblies using traditional cloned cDNA libraries from three tissues of the tetraploid lowland cultivar Kanlow (Tobias et al., 2005 (Tobias et al., , 2008 . Next-generation RNA-seq has also been used to generate sequences for transcriptome assembly. Roche 454 FLX-derived RNA-seq reads were used for transcript assembly of RNA isolated from numerous tissues and developmental states from the tetraploid upland cultivar Summer (Palmer et al., 2012; Zhang et al., 2013) . A combination of 454 RNA-seq reads and Sangersequenced ESTs from the tetraploid lowland cultivar Alamo were assembled using a hybrid assembly method . The RNA isolated from seedlings, immature tillers, flowers, and seed of the tetraploid lowland cultivar Cimarron were also used for RNA-seq analysis using the Roche 454 GS-FLX sequencer . In addition to these existing transcript resources, work continues on the sequencing of the switchgrass genome from AP13, a selection from the tetraploid cultivar Alamo ; http://www.phytozome. net/panicumvirgatum.php, verified 14 Apr. 2014).
The continued improvement of switchgrass biomass production is expected to make use of molecular genetic markers to identify genes underlying agronomically important quantitative trait loci (QTL), for markerassisted selection, and for continued exploration of the genetic diversity of cultivars and populations. Classical molecular markers, including restriction fragment length polymorphism, simple sequence repeat (SSR), SNP, and chloroplast-derived DNA genetic markers have been used in switchgrass mapping populations (Missaoui et al., 2005; Okada et al., 2010) , phylogenetic studies (Gunter et al., 1996; Hultquist et al., 1996; Missaoui et al., 2006; Tobias et al., 2005 Tobias et al., , 2006 Tobias et al., , 2008 , and population structure and genetic diversity studies (Lu et al., 2013; Narasimhamoorthy et al., 2008; Okada et al., 2011; Zalapa et al., 2011) . While many molecular markers exist, the identification of additional markers will be required for highdensity QTL analyses, genome-wide association studies (GWAS), map-based cloning of biomass-related genes, and marker-assisted selection.
Single nucleotide polymorphisms are the preferred marker for genome-scale genetic studies. Next-generation sequencing methods now permit rapid discovery of millions of SNPs from queried accessions in a number of plant species which have enabled GWAS, as well as studies on diversity, domestication, and population genetics (Blanca et al., 2012; Buckler et al., 2009; Cao et al., 2011; Chia et al., 2012; Gore et al., 2009; Hansey et al., 2012; Huang et al., 2010; Hufford et al., 2012; Kim et al., 2010; Lipka et al., 2013; Morris et al., 2013; Poland et al., 2011; Tian et al., 2011) . Single nucleotide polymorphisms can be generated from genomic DNA or transcripts with advantages and disadvantages for each target nucleic acid. Genomic DNA derived SNPs provide representation across the genome, yet can be less informative and more expensive to generate in large, repetitive, polyploid genomes. There are several reduced representation methods for SNP discovery in genomic DNA. Genotypingby-sequencing protocols, which involve sequencing near a restriction enzyme recognition site, have been used across a broad range of taxa (Baird et al., 2008; Eaton and Ree, 2013; Elshire et al., 2011; Lu et al., 2013; Poland et al., 2012; Wang et al., 2013; Ward et al., 2013) . Exome capture approaches, in which a subset of the genome is interrogated through sequence capture followed by sequencing, have been developed to probe genome diversity in large and/or polyploid genomes including potato (Solanum tuberosum L.), barley (Hordeum vulgare L.), and hexaploid wheat (Triticum aestivum L.; Mascher et al., 2013; Uitdewilligen et al., 2013; Winfield et al., 2012 ). An alternative approach involves sequencing the transcriptome as a proxy for genic regions in the genome and has been used in SNP identification in numerous species, including tomato (Solanum lycopersicum L.), potato, onion (Allium cepa L.), fir (Abies spp.), and maize (Zea mays L.; Duangjit et al., 2013; Hamilton et al., 2011; Hansey et al., 2012; Howe et al., 2013; Li et al., 2013; Sim et al., 2012) .
In this report, we describe the creation of cultivarspecific transcript assemblies of four tetraploid lowland and three octoploid upland switchgrass accessions using paired-end Illumina-generated RNA-seq data from combined crown, young shoot and leaf tissue and analyses of these assemblies with respect to representation of the core switchgrass transcriptome. As a first assessment of diversity in genic regions in lowland and upland switchgrass, we identified SNPs within these cultivars by aligning the RNA-seq reads to the draft AP13 switchgrass genome (Release 0) and were able to identify a subset of these SNPs that discriminate between the lowland and upland cultivars used in this study. We discuss the challenges of using next-generation RNA-seq data from a polyploid species for generating transcript assemblies and for identifying and interpreting SNPs.
Materials and Methods
Seeds of tetraploid lowand cultivars, Alamo, SG5, and Wabasso, and seeds of octoploid upland cultivars, Carthage, Pathfinder, Shelter, and Trailblazer, were germinated in January 2010 (Table 1) . Seedlings were transplanted into 4-L pots containing a commercial potting mix. Plants were grown under 16-h daylength using supplemental halogen lights. Numerous plants of each cultivar had completed a reproductive cycle by October 2010, and these plants were cut off at a 15-cm stubble height. Supplemental lighting was removed, and the plants were allowed to remain dormant for 2 mo. Plants were fertilized with 5 g m -2 of commercial 20-10-10 (N-P-K) soluble fertilizer, and the 16-h daylength was restored in January 2011. Seven plants with significant regrowth were chosen for this experiment.
Actively growing crown, young shoot, and leaf tissues were collected from each plant and frozen immediately in liquid nitrogen. Total RNA was isolated using a Trizol reagent extraction method. One gram of ground tissue was homogenized in 1 mL of Trizol reagent, vortexed, and incubated for 5 min at room temperature. Chloroform:isoamyl alcohol (24:1) was added. The extract was thoroughly mixed and then centrifuged (14,000 rpm for 10 min) to separate the aqueous phase containing RNA. Isopropyl alcohol was added to the freshly transferred aqueous phase and centrifuged to precipitate the RNA pellet, which was washed with 70% ethanol, dried, and redissolved in diethylpyrocarbonate-treated water. The RNA was purified using RNeasy MinElute clean up kit (Qiagen, Valencia, CA) according to the manufacturer's suggested protocol. The RNA was quantified using a Nanodrop (Thermo Scientific, Waltham, MA), and quality was determined using an Agilent Bioanalyser 2100 (Agilent Technologies, Santa Clara, CA).
Poly A RNA was isolated from 10 µg total RNA using Dynabeads mRNA isolation kit (Life Technologies, Grand Island, NY). The isolation procedure was repeated twice to ensure that the sample was free from rRNA contamination. Purified RNA was then fragmented using RNA Fragmentation Reagents (Life Technologies, Grand Island NY) at 70°C for 3 min. Fragments in the range of 200 to 300 bp were targeted. Fragmented RNA was purified using Ampure SPRI beads (Beckman Coulter, Brea, CA). Reverse transcription was performed using SuperScript II Reverse Transcription (Invitrogen, Grand Island, NY) after an initial annealing of random hexamer (Thermo Scientific, Waltham, MA) at 65°C for 5 min, followed by an incubation of 42°C for 50 min, and an inactivation step at 70°C for 10 min. The first strand cDNA was purified with Ampure SPRI beads, and was followed by second strand synthesis using a dNTP mix where dTTP was replaced by dUTP. Second strand synthesis was performed at 16°C for 2 h. Double stranded cDNA fragments were purified and selected for targeted fragments of 200 to 300 bp using Ampure SPRI beads. The double-stranded cDNA were then blunt-ended, A-tailed, and ligated with Truseq adapters using Illumina (Zalapa et al., 2011) .
DNA Sample Prep Kit (Illumina, San Diego, CA). Adaptor-ligated DNA was purified using Ampure SPRI beads. Digestion of dUTP was then performed using AmpErase UNG (Life Technologies, Grand Island, NY) to remove second strand cDNA. Digested cDNA was again cleaned up with Ampure SPRI beads and then amplified by 10 cycles by PCR using Illumina Truseq primers. The final library was cleaned up with Ampure SPRI beads. Sequencing was done on the Illumina HighSeq platform, generating paired end reads of 100 nucleotides each.
Reads were cleaned using the FASTX-Toolkit (v. 0.0.13, http://hannonlab.cshl.edu/fastx_toolkit/, verified 14 Apr. 2014). The fastx_trimmer program removed the first 10 nucleotides from all reads to remove lower quality bases observed in the first ten bases of RNA-seq reads. The fastx_clipper program was used to remove Illumina adaptor sequences. The fastx_artifacts_filter program removed aberrant reads, and the fastx_quality_trimmer program trimmed nucleotides with quality scores < 30 and discarded reads < 20 bases long. Transcript assemblies were generated for individual cultivars using all available filtered paired-end and single-end reads (Supplemental Table S1 ) using Velvet (v. 1.2.07) with a K-mer value of 31 and Oases (v. 0.2.08) allowing minimum transcript lengths of 250 nucleotides (Schulz et al., 2012; Zerbino and Birney, 2008) . For each transcript assembly, representative transcripts were chosen as the longest sequence from each Oases locus to simplify the sequence data sets yet still retain maximal information. The reads used to construct each transcript assembly set were aligned as single-end reads to the Department of Energy Joint Genome Institute (JGI) Release 0 AP13 tetraploid switchgrass reference genome sequence (Goodstein et al., 2012) using Bowtie (0.12.7) and Tophat (1.4.1), allowing at most two mismatches with all alignments reported (Langmead et al., 2009; Trapnell et al., 2009) . BamTools (1.0.2) was used to determine the number of reads with unique alignments, reads with multiple alignments, and unaligned reads (Barnett et al., 2011) .
All representative sequences were aligned to the UniRef100 protein database (release 2012_03) using WU-BLAST (Gish and States, 1993; The UniProt Consortium, 2011) . Alignments were required to have E-values < 1 ´ 10 -10 , alignment lengths > 150 bases, percentage identities > 70%, and coverage relative to the transcript assembly > 90%. Representative sequences with filtered best-hit alignments to arthropods, bacteria, Homo sapiens, fungi, Stramenopiles, viruses, or viroids were identified, and all related isoforms matching non-Viridiplantae sequences were removed. Additional analyses were performed only on the filtered, representative transcript assemblies.
Analyses of the switchgrass representative transcript assemblies included sequence comparisons to transcript and protein sequences from other Poaceae species and to the UniRef100 protein database (release 2012_03; The UniProt Consortium, 2011). The representative protein sequences from Oryza sativa (release 7), Setaria italica (v. 2.1), Sorghum bicolor (v. 1) and Zea mays (v. 2) were used for all alignments to these species (Bennetzen et al., 2012; Ouyang et al., 2007; Paterson et al., 2009; Schnable et al., 2009; The UniProt Consortium, 2011) . Transcript and protein sequence alignments were performed using WU-BLAST (Gish and States, 1993) . Only those alignments with Expect-values (E-values) less than 1 ´ 10 -10 were retained, and alignment results were further filtered based on percentage identity and percentage coverage at either 70% identity and 50% coverage, or 50% identity and 50% coverage.
Transcript assembly loci and isoforms were analyzed in an effort to determine the uniformity of isoforms within Oases transcript assembly loci. All isoforms from all assemblies were aligned by BLASTX to the predicted proteome from S. italica (Bennetzen et al., 2012) . Besthits with E-values better than 1 ´ 10 -10 were noted, and the numbers of different best-hits for all isoforms within each Oases locus were calculated.
The distribution of switchgrass representative transcript assemblies within the S. italica genome was examined to determine if any distribution bias existed. Alignments of switchgrass transcript assemblies to the S. italica genome (v. 2.1) were performed using the National Center for Biotechnology Information (NCBI) TBLASTX functionality of the MAKER genome annotation pipeline (Altschul et al., 1990; Bennetzen et al., 2012; Cantarel et al., 2008) . MAKER split the genomic sequence into overlapping 300 kb regions, and performed alignments on these segments. Alignments were required to have E-values better than 1 ´ 10 -10 , percentage identity better than 50%, and percentage coverage better than 50%. Data was visualized using the Circos program (Krzywinski et al., 2009) .
Orthologous gene groups were identified using the switchgrass representative transcript assemblies and the transcript data sets from O. sativa (release 7), S. italica (v. 2.1), S. bicolor (v. 1) and Z. mays (v. 2; Bennetzen et al., 2012; Ouyang et al., 2007; Paterson et al., 2009; Schnable et al., 2009) . A custom BLAST database was created for all species plus the cultivar-specific representative transcript assemblies, and all-by-all TBLASTX alignments were generated using WU-BLAST (Gish and States, 1993) . Orthologous groups were identified using OrthMCL v. 1.4 with default parameters (Li et al., 2003) .
Single nucleotide polymorphisms were identified across the seven switchgrass cultivars used in this study using a pipeline similar to a previously published and validated SNP-calling protocol (Hansey et al., 2012) . As a finished switchgrass genome sequence is unavailable, we used the switchgrass Release 0 genome available from Phytozome (Goodstein et al., 2012) to anchor our reads. Filtered reads, as described above from the de novo assembly, from each cultivar were separately aligned to the switchgrass genome with Bowtie (v. 0.12.7) and Tophat (1.4.1; Langmead et al., 2009; Trapnell et al., 2009) , with a minimum and maximum intron size of 5 and 5000 bp, respectively, allowing no novel indels, and requiring a unique alignment. Alignments were processed using the sort, index, and pileup programs within SAMtools (v. 0.1.12a; Li et al., 2009 ). To call a SNP from an individual cultivar, at least five reads were required to cover the position, and more than 5% of the reads were required to support the presence of each nucleotide. However, when read depth was <40, at least two reads were required to support the identification of a polymorphism.
To check the quality of putative SNPs, pair-wise Rogers distances (Rogers, 1972) were calculated between each of the cultivars using only biallelic SNPs with missing data in two or fewer cultivars. PowerMarker (v. 3.25; Liu and Muse, 2005) was used to generate an unweighted pair group method with arithmetic mean (UPGMA) genetic distance tree based on the pair-wise Rogers' distances, and FigTree (v. 1.3.1; http://tree.bio.ed.ac.uk/software/figtree/, verified 14 Apr. 2014) was used to produce the tree image.
Single nucleotide polymorphisms identified by Lu et al. (2013) using GBS analysis in their full-sib and half-sib switchgrass populations and their switchgrass association panel were aligned to the Release 0 switchgrass genome sequence. Fasta files of the relevant polymorphism-containing GBS-reads were downloaded from the authors' website (http://www.maizegenetics.net/snp-discoveryin-switchgrass, verified 14 Apr. 2014). Reads were aligned using Bowtie (v. 0.12.8; Langmead et al., 2009) , requiring a unique alignment with one possible mismatch. Single nucleotide polymorphism positions were determined based on the read alignment locations and the SNP positions within the reads. Study-wide and cultivar-specific genotypes were then compared between the GBS-based SNP data (Lu et al., 2013 ) and the SNP data described here.
Results

Transcript Assembly Metrics
Total RNA was extracted from young, actively growing crown, young shoot, and leaf tissues, and a single lane of 76 base paired-end RNA-seq reads was generated for each cultivar (Table 1) , with the number of raw reads obtained ranging between 50 and 151 million reads (Supplemental Table S1 ). After filtering for quality, the number of reads per cultivar ranged between 37 and 111 million reads (Supplemental Table S1 ). To confirm the quality of the datasets, quality filtered reads were aligned in the single-end mode to the JGI's AP13 switchgrass genome (Release 0). Between 69.6 and 82% of the reads from each accession aligned to the switchgrass genome with approximately 20% of the reads in each cultivar aligning to multiple locations (Supplemental Table S2 ), consistent with alignment results observed with transcript reads from diverse maize accessions (Hansey et al., 2012) . With the exception of Carthage, a higher percentage of reads in the three lowland cultivars (Alamo, SG5, Wabasso) aligned with the AP13 reference genome compared with the three upland cultivars (Pathfinder, Shelter, Trailblazer; Supplemental Table S2 ), consistent with the relatedness of lowland and upland ecotypes to the AP13 reference, a tetraploid lowland.
The RNA-seq reads from each of the seven cultivars were individually assembled using between 37 and 111 million cleaned reads for these assemblies (Supplemental Table S1 ). Assemblies were aligned to the UniRef100 proteins (The UniProt Consortium, 2011), and 459 sequences with significant best hits to non-Viridiplantae sequences were discarded from the seven assemblies yielding a total of 21,833 to 46,537 Oases-generated switchgrass transcripts with N50 lengths between 886 and 972 nucleotides for each of the seven cultivars (Table 2) . Overall, these assemblies utilized between 64.7 and 71% of available reads (Table 3) . After removing contaminants and excluding assemblies < 250 bases, between 38.6 and 50% of the Table 2 . Summary statistics for switchgrass cultivar-specific sequence assemblies after contamination filtering. The longest transcript assembly from each Oases (Schulz et al., 2012) locus was selected as the representative isoform for all loci. Oases assemblies had a minimum length cutoff of 250 nucleotides. Alamo, SG5, and Wabasso are tetraploid lowlands. Carthage, Pathfinder, Shelter, and Trailblazer are octoploid uplands. reads used to create each cultivar-specific assembly could be aligned back to their respective assemblies (Table 3 ).
In the context of polyploid species such as switchgrass, sequences clustered into a single Oases locus may represent splice variants (alternative splice forms), alleles, close paralogs, and/or homoeologs, and this is a recognized issue with transcriptome assemblies from polyploid species (Tobias et al., 2008) . The 21,833 to 46,537 transcripts from each of the cultivar-specific assemblies are derived from 11,666 to 20,946 Oases loci ( Table 2 ). The assembly from Trailblazer produced notably fewer transcripts and Oases loci than the other cultivars, and this was probably due to the fact that Trailblazer had about 60% as many RNA-seq reads as the cultivar with the next fewest reads. As shown in Fig. 2 , the majority of the assembled Oases loci have one or two isoforms with a small portion of the assembled Oases loci with more than five isoforms. Furthermore, the majority of the isoforms within a locus with more than one isoform aligned to a single S. italica protein (Supplemental Table S3 ) indicating that the majority of the Oases-derived isoforms within a locus encode for the same switchgrass protein.
To reduce the complexity of the transcript assemblies and subsequent analyses, but yet to retain the greatest amount of information from each Oases locus, the longest transcript from each Oases locus was chosen as a representative sequence as it provides the maximal information on a per-locus basis. The N50 length of the representative sequences ranged from 813 to 894 nucleotides ( Table 2) . As the representative sequence does not fully represent all isoforms, 33.5 to 43.4% of the reads used to create the cultivar-specific assemblies could be aligned to the representative transcripts from these assemblies (Table 3) .
BLAST Alignments to Known Protein Datasets
Representative sequences from the cultivar-specific transcript assemblies were aligned to the predicted proteomes of O. sativa, S. italica, S. bicolor, and Z. mays (Bennetzen et al., 2012; Ouyang et al., 2007; Paterson et al., 2009; Schnable et al., 2009) and to the UniRef100 protein database (The UniProt Consortium, 2011). The alignments were examined using either 70% identity/50% coverage or 50% identity/50% coverage cutoffs (Supplemental Table S4 ). With the higher stringency criteria, between 62.6 and 75.6% of the cultivar-specific representative sequences had alignments with proteins from each of the Poaceae species. The more relaxed identity and coverage cutoffs resulted in 69 and 80.8% of representative transcript assemblies matching protein sequences in the Poaceae. The comparisons to UniRef100 proteins yielded 72.3 and 81.6% of the representative transcript assemblies with a significant alignment at the relaxed identity and coverage cutoffs. Notably, transcript assemblies with alignment matches to the Poaceae and UniRef100 sequences are slightly longer than those that lack sequence similarity to Poaceae or UniRef100 sequences (Supplemental Table S5 ), and the slightly shorter lengths of these sequences may have contributed to the lack of sequence matches given our filtering criteria.
Ortholog Analysis of Switchgrass Transcripts and Four Grass Transcriptomes
Ortholog analysis was used to compare the individual cultivar assemblies and the predicted transcripts from four Poaceae species. Representative sequences from the individual switchgrass transcript assemblies, as well as predicted transcript sequences from four Poaceae species with complete genomes (O. sativa, S. italica, S. bicolor, and Z. mays), were aligned to each other in an all-by-all fashion using TBLASTX, and ortholog groups were identified. A total of 35,542 ortholog groups were identified, and a total of 15,286 clusters were identified that contained at least one switchgrass transcript assembly and at least one nonswitchgrass Poaceae transcript. Switchgrass unique clusters included 7607 clusters, with sequences only from two or more switchgrass cultivars. Between 64.3 and 76.4% of the transcript assemblies from the switchgrass cultivars could be found in ortholog groups with a sequence from a different grass species (Supplemental Table S6 ). However, a much larger majority of transcript assembly sequences (84.8 to 97.3%) are found in ortholog groups that contain either a transcript from a nonswitchgrass species or a sequence from a different switchgrass cultivar.
Comparative Analyses with the Setaria italica Transcriptome and Genome
The representative sequences from the individual assemblies were also aligned to the S. italica genome ( Fig. 3 ; Bennetzen et al., 2012) . Between 71.6 and 83.8% of transcripts from the individual cultivar assemblies aligned with coverage better than 50% and identities greater than 50%. The S. italica chromosome with the most Table S7. alignments was chromosome 9, and the one with the fewest was chromosome 8, which mirrors the published distribution of annotated genes within the S. italica genome (Fig. 3 , Supplemental Table S7 ; Bennetzen et al., 2012) . These results suggest that the assemblies of all seven cultivars provide a robust representation of a core set of transcripts in switchgrass and can be used for diversity analyses between cultivars as well as between upland and lowland ecotypes.
SNP Identification among Seven Switchgrass Cultivars
To identify SNPs, all cleaned reads from each cultivar were aligned to the JGI AP13 reference switchgrass genome (Release 0). A total of 1,801,950 SNPs were identified using all of the reads from all seven switchgrass cultivars. By requiring a base call at the SNP location in five or more of the seven cultivars, 1,305,976 SNPs could be called (Table 4, Supplemental Table S8 ). The vast majority of these SNPs were observed only in one or more lowland cultivars (438,464) or one or more upland cultivars (723,678). Ecotype-specific alleles observed in all of the lowland cultivars (12,002) or all of the upland cultivars (34,665) were identified. Cultivar-specific SNPs were identified from biallelic SNPs only (Table  4) . 'Wabasso', a tetraploid lowland ecotype, contained the most cultivar-specific SNPs. SG5 and Alamo, also tetraploid lowland cultivars, had the fewest cultivarspecific SNPs at positions without missing data. The octoploid upland cultivars had intermediate numbers of cultivar-specific SNPs identified at positions without missing data. All SNPs were annotated relative to the JGI switchgrass release 0 annotated genes, and most SNPs were located within annotated genes (Supplemental Table  S8 ). Approximately 66% of all SNPs identified have allele calls in all seven cultivars. A large majority of identified SNPs were heterozygous in one or more cultivars, but approximately 15% of SNPs were represented as homozygous variant alleles in one or more cultivars (Table 4) . A genetic distance tree was generated from 1,219,912 highquality biallelic SNPs with allele calls in five or more of the seven cultivars used in this study. The resulting tree distinctly clusters the lowland cultivars separately from the upland cultivars (Fig. 4) .
We compared the 1,242,860 nonredundant SNPs identified by GBS of a full-sib population, a half-sib population, and an association panel (Lu et al., 2013) with the 1,305,976 high-quality SNPs that we described in this work. Using the GBS SNP-containing sequencing reads provided by Lu et al. (2013) , 403,315 SNP positions could be confidently placed within the switchgrass genome sequence. Of these GBS-based SNPs that were aligned to the switchgrass genome, 13,677 were co-located with SNPs identified in this study, and 12,371 (90%) of those co-located SNP positions had identical alleles in both studies. For the three cultivars that were common to the GBS-analyzed association panel and the work described here (Carthage, Pathfinder, Shelter [all octoploids] ), between 8216 and 8269 SNPs had genotype data in both studies for a given cultivar. Even though neither our transcriptome-derived approach nor the reduced representation GBS (Lu et al., 2013) are guaranteed to assess the full genotype in any individual, between 30 and 38% of the positions shared between these two studies in the three common cultivars had identical alleles (Table 5) . . Unweighted pair group method with arithmetic mean genetic distance tree of seven switchgrass cultivars based on 1,219,912 biallelic single nucleotide polymorphisms identified in this study. Pair-wise genetic distances were calculated using Rogers' distances (Rogers, 1972) and are shown on the branches.
Data Availability
The RNA-seq sequences are available in the Sequence Read Archive at the National Center for Biotechnology Information under study number SRP016537. All transcript assemblies and SNPs (with context sequence) are available for download from the Dryad Digital Repository (http://datadryad.org, verified 14 Apr. 2014, doi:10.5061/dryad.8f73k) as well from http://bfgr. plantbiology.msu.edu/switchgrass_snps_transcripts. shtml (verified 14 Apr. 2014).
Discussion
We created individual transcript assemblies for each of seven switchgrass cultivars (three tetraploid lowlands and four octoploid uplands) using the RNA-seq reads derived from young crown, shoot, and leaf tissues (Table 1) . We used the Velvet and Oases transcript assembly programs (Schulz et al., 2012; Zerbino and Birney, 2008) to create cultivar-specific transcript assemblies using 37 to 111 million paired-end reads from each cultivar read dataset (Supplemental Table S1 ). As the switchgrass cultivars sequenced here were either tetraploid or octoploid, the sequence isoforms from Oases loci may represent alternative splice forms, allele variants, homoeologs, or even chimeric transcript assemblies. Among these cultivarspecific transcript assemblies, between 11,666 and 20,946 Oases loci were generated that contained between 21,833 and 46,537 sequence isoforms, and the representative isoforms (i.e., longest isoform from each locus) had N50 lengths ranging from 813 to 894 bases (Table 2) . With the exception of the transcript assemblies from Trailblazer, which had a significantly lower number of RNA-seq reads (Supplemental Table S1 ), the numbers of Oases loci and sequence isoforms were remarkably similar, considering that these data were generated from both tetraploid and octoploid switchgrass. A large majority of these representative sequences have homology to known Poaceae or UniRef proteins (Supplemental Table S4 ). Those sequences with homology to Poaceae or Uniref proteins are longer, on average, than those sequences without homology to Poaceae or Uniref proteins, and the shorter lengths of these sequences may have contributed to their lack of homology (Supplemental Table S5 ). These sequences may also be at least partly composed of untranslated regions that would be unlikely to contribute to significant alignments to nonswitchgrass protein sequences.
We further characterized the transcript assemblies by comparing them to the proteome and genome from S. italica, a close relative of switchgrass (Bennetzen et al., 2012) . A large majority of Oases transcript assembly loci had only one or two isoforms (Fig. 2) , and most transcript loci with two or more isoforms aligned to just one S. italica protein sequence (Supplemental Table S3 ). This indicates that the isoforms within Oases loci are not drastically different from each other, further supporting our use of representative sequences for most of the homology analyses presented here. Additionally, the numbers of transcript assemblies that aligned to each S. italica chromosome is roughly proportional to the numbers of S. italica genes across the S. italica chromosomes, and the distribution pattern of those alignments is similar to the distribution patterns of genes within the S. italica genome (Fig. 3 , Supplemental Table S7 ; Bennetzen et al., 2012) . Thus, unlike a previous study in which very few switchgrass transcripts aligned to chromosomes 7 and 8 of S. italica , we have found no unexpected bias in the distribution of switchgrass transcripts relative to the S. italica genome.
We also performed ortholog analysis using the individual transcript assemblies and transcript sequences from O. sativa, S. italica, S. bicolor, and Z. mays. A majority (64.3 to 76.4%) of the cultivar-specific transcripts belonged to ortholog groups with sequences from other Poaceae species, and this result is similar to the simple BLASTX analyses (Supplemental Table S6 ). However, a large majority (84.8 to 97.3%) of cultivar-specific transcript assemblies belonged to ortholog groups with sequences from a nonswitchgrass species and/or different switchgrass cultivars, and this indicates that the vast majority of switchgrass transcript assemblies created here are based on real genes. Based on this ortholog analysis, the comparisons with the S. italica genome and proteome and the percentage of reads that align to the switchgrass genome, we conclude that the cultivar-specific transcript assemblies provide a robust representation of the switchgrass transcriptome in young crown, shoot, and leaf tissues.
Alignment of RNA-seq reads from individual cultivars to the tetraploid AP13 switchgrass reference genome sequence (Release 0) resulted in between 70 and 82% of reads aligned with 50 to 61% aligning uniquely (Supplemental Table S2 ). Notably, the percentages of RNA-seq reads aligned to the reference genome were similar regardless of the ploidy of the cultivar from which the reads were obtained. The nature of the polyploidization of the switchgrass genome is a topic of active research. Most evidence supports an allopolyploidy origin for tetraploid switchgrass, but there is conflicting support for both allopolyploid and autopolyploid origins for switchgrass octoploids (Lu et al., 1998; Saski et al., 2011; Triplett et al., 2012; Young et al., 2012) . Tetraploid switchgrass exhibits disomic inheritance (Barnett and Carver, 1967; Liu and Wu, 2012; Okada et al., 2010) , but in octoploid switchgrass, there is cytogenetic evidence that while disomic inheritance is common, tetrasomy takes place at a low frequency (Barnett and Carver, 1967) . Okada et al. (2011) also concluded that tetrasomic inheritance occurs in octoploid switchgrass based on segregation patterns of 21 SSRs. The RNA-seq read-alignment data provided here suggests that the subgenomes of octoploid switchgrass are not substantially different from the subgenomes of tetraploids. Furthermore, with the exception of the transcript assembly from Trailblazer which had a relatively low number of RNA-seq reads, the transcript assemblies generated for lowland tetraploid cultivars and the upland octoploid cultivars were found to be very comparable. These observations would be expected in an autopolyploid origin of switchgrass octoploids and do not support an allopolyploid origin for the octoploids. Using Release 0 of the switchgrass genome sequence, we identified 1,801,950 SNPs, of which, 1,305,976 SNPs remained after filtering. Because these SNPs were derived from RNA-seq reads from polyploid cultivars, the SNPs may represent polymorphisms between homoeologous loci (loci that are either simply homologous or more strictly orthologous between subgenomes) or from polymorphisms from distinct alleles from the same loci (Page et al., 2013 , Saintenac et al., 2011 . We did not distinguish between these two types of SNPs, as differential expression of alleles and homoeologs between cultivars may not allow the recognition of all existing sequence variation. Attempting to classify SNPs as homoeologous or allelic SNPs would have been further complicated in the case of octoploid switchgrass cultivars.
Nearly 89% of the SNPs identified in this study were found within only lowland or only upland cultivars (Table 4) . A much smaller percentage (3.6%) of SNPs were identified only within all lowland cultivars or only within all upland cultivars. In fact, most SNPs were observed within only a single cultivar (Table 4) . There are two possible explanations for this. First, it is likely that our protocol undercalls alleles for individual cultivars (see below). Additionally, even if alleles were perfectly called for each cultivar, only a small number of cultivars were surveyed here, and if a larger number of switchgrass cultivars were examined, the percentage of SNPs with extreme minor allele frequency would certainly decrease. Nonetheless, the lowland and upland cultivars clustered as expected when all biallelic SNPs were used to create a genetic distance tree, indicating that a sufficient subset of SNPs are shared between cultivars to allow genetic inferences to be made (Fig. 4) . A much larger percentage of SNPs were found in the upland cultivars, and this is probably due to both the fact that the reference genome sequence was obtained from a single individual from the lowland switchgrass Alamo cultivar, and that the uplands are octoploid and thereby have more sequence that can be polymorphic. Interestingly, the lowland Wabasso had the most cultivar-specific SNPs, despite the fact that the reference genome sequence was obtained from the lowland Alamo AP13 (Table 4 ). The apparently high degree of diversity observed in Wabasso is consistent with observations based on SSR markers that indicate that Wabasso is not only genetically distinct from upland cultivars, but also distinct from the lowland cultivars Alamo and SG5, although to a lesser degree ( Fig. 4 ; Zalapa et al., 2011) . Wabasso did not have the most total SNPs (Supplemental Table S8 ), as three of the upland cultivars (Carthage, Pathfinder, and Shelter) each had more total SNPs than Wabasso. Alamo A5, the Alamo genotype examined in this study, had the fewest total number of SNPs, and this would be expected given that the reference genome used for SNP identification is from Alamo AP13. Nonetheless, the SNPs presented in this report are based on RNA-seq data and may not represent the complete allelic content of these plants due to the possibility of allele-specific gene expression biasing SNP discovery. In any case, a clearer understanding of the genetic diversity observed here will be obtained by generating whole-genome sequence data from a wider selection of switchgrass cultivars.
When we compared the 1,305,976 filtered SNPs identified here with the 1,242,860 nonredundant SNPs identified by GBS in a switchgrass association panel (Lu et al., 2013) , we found 13,677 SNPs that were co-located within the Release 0 switchgrass genomic sequence, with 12,371 of these SNPs having identical allele calls in both studies. This finding suggests that both methods are reliably reporting SNPs in switchgrass. The fact that more co-localized SNPs were not found between the two studies is very likely due to the different methods used to find SNPs. Lu et al. (2013) used a GBS method that surveyed genomic sequence within 60 bp of ApeKI restriction sites. The SNPs reported here all reside within genes that were expressed within crown roots, young shoot, and leaf tissues. Both methods report SNPs from distinct subsets of the switchgrass genome. While over 8200 SNPs from each of the three cultivars common to both reports (Carthage, Pathfinder, and Shelter [all octoploids]) had allele calls in both studies, only approximately one third of the SNPs from a given cultivar had identical allele calls (Table 5 ). The low percentage of the identical allele calls from any one of these three cultivars is most likely attributable to incomplete allele discovery by both methods. In neither our transcriptome-based SNP study nor the GBS-based SNP detection described in Lu et al. (2013) was sequencing coverage at any particular SNP locus guaranteed to assess the complete genotype for a cultivar. The overall coverage from the GBS-based analysis ranged between 1´ to 6´ (Lu et al., 2013) . With the transcript sequencing presented here, genotypes from individual cultivars were only reported when a minimum of five reads covered a SNP, but differential allele expression could easily affect the reported genotype of a SNP. Thus, both GBS-based and transcript-based SNP identification likely resulted in the underreporting of alleles for any particular cultivar. Nonetheless, the observed concordance (90%) at common loci identified by the two methods across cultivars is encouraging and suggests that the vast majority of the SNPs found in this study and by Lu et al. (2013) represent true polymorphisms in switchgrass. These data also suggest that transcriptomebased SNP surveys can identify a large number of SNPs that remain undetected using reduced representation GBS methods.
Transcriptome assemblies have been constructed using next-generation sequence datasets for multiple polyploid species including potato, sweet potato (Ipomoea batatas var. batatas), and wheat that have enabled initial studies in gene discovery, genetic diversity, and expression profiles (Duan et al., 2012; Hamilton et al., 2011; Tao et al., 2012) . For switchgrass, using very deep RNA-seq data sets, we constructed a set of transcript assemblies from a panel of tetraploid and octoploid switchgrass cultivars that have enabled insight into the switchgrass transcriptome, genetic diversity not only within and between switchgrass cultivars, but also between ecotypes and ploidy levels. The high ploidy of switchgrass made the analysis of these RNA-seq data challenging, and the transcript sequences that we generated may often be the result of RNA-seq reads derived from homologous and/or homeologous genes. However, the numbers and nature of transcript assemblies from tetraploid and octoploid cultivars were not substantially different from each other, and we predict that there is a high degree of sequence identity between homeologous genes from the subgenomes of octoploid switchgrass, supporting an autopolyploid origin of octoploid switchgrass. Similarly, SNP identification using transcript sequence from heterozygous polyploids is challenging, and distinguishing the various origins of the SNPs, whether they be alleles, paralogs, or homeologs, will require additional data. Nonetheless, while our analyses may be affected by the complexities of polyploidy, the transcript and SNP data described here will serve as a useful resource for switchgrass gene annotation and for marker-based analysis of the switchgrass genome.
